The herpes simplex virus type 1 origin-binding protein is encoded by gene UL9. We previously described a plasmid, pB 1, which encodes a fusion protein containing only the C-terminal 317 amino acids of the UL9 polypeptide and showed that this product retains sequence-specific DNA-binding ability. Two series of pB1 mutants have now been constructed and the polypeptides were tested for origin-binding activity. Using C-terminal truncations, we show that the Cterminal 34 amino acids of UL9 are dispensable for binding and that essential residues lie between positions 801 and 818. Analysis of a series of mutants containing insertions of four amino acids at various positions identified regions of the DNA-binding domain in which alterations either abolished or had relatively little effect upon binding activity. Two mutants which were intermediate in their binding activities also exhibited temperature-or sequence-specific effects.
Introduction
Herpes simplex virus type 1 (HSV-1) encodes seven proteins that perform direct and essential roles in the replication of its 152 kbp DNA genome. One of these, the UL9 protein, binds to specific sequence elements within the viral origins of replication, an event which probably represents the first step towards the initiation of DNA synthesis (for a review of HSV-1 DNA replication see ChaIIberg, 1991) .
The HSV-1 origins of DNA replication are specified by two distinct but related sequences. One, ori D lies close to the centre of the U L region of the genome, and identical copies of the other, oris, are present within the TR s and IR s inverted repetitions (Stow & McMonagle, 1983; Weller et al., 1985) . A distinctive feature of both origins is the presence of a palindromic DNA sequence with a central A+T-rich region. The UL9 recognition sequence, which comprises or is included within YGYTCGCACT (where Y represents C or T) (Koff & Tegtmeyer, 1988; Deb & Deb, 1989; Elias et al., 1990) , occurs twice within the regions of dyad symmetry in both ori s and ori L. Within ori s (Fig. 1 a) binding site I differs in DNA sequence from site II at only two positions, but has an approximately 10-fold higher affinity for the UL9 protein (Elias & Lehman, 1988) . The presence of a functional site I is essential for origin-dependent DNA replication (Deb & Deb, 1989; Hernandez et al., 1991) whereas a low level of origin activity remains when site II is inactivated (Lockshon & Galloway, 1988; ). The UL9 binding sites within ori L are identical in DNA sequence to the high affinity site I of ori s.
The UL9 protein, in addition to its origin-binding activity (Olivo et al., 1988) , also functions as a DNA helicase on partially double-stranded templates (Bruckner et al., 1991; Fierer & Challberg, 1992; Stow, 1992) . Energy-dependent unwinding of the origin by UL9 has not, however, been observed (Fierer & Challberg, 1992) . The protein exists as a dimer in solution (Bruckner et aI., 1991; Fierer & Challberg, 1992) and the 851 amino acid polypeptide chain appears to be organized into distinct functional domains.
Various properties are associated with the region comprising the N-terminal 534 amino acids. The presence of several essential motifs characteristic of a superfamily of proteins that includes many other helicases implicates this portion of the protein in DNA unwinding (Gorbalenya et al., 1989; Martinez et al., 1992) . The Nterminal part of the protein is also necessary for efficient dimerization (Elias et al., 1992) and for the observed cooperativity in binding to ori s (Elias et al., 1990 (Elias et al., , 1992 Hazuda et al., 1992) . Interactions involving this region probably also account for the ability of UL9 to distort and/or form complex nucleoprotein structures at the origin (Koffet aI., 1991 ; Rabkin & Hanlon, 1991 ; Fierer & Challberg, 1992) .
The C-terminal one-third of the UL9 protein represents a discrete domain which contains all the information necessary for sequence-specific DNA-binding to the HSV-1 origins. Weir et al. (1989) 
Methods
Expression in E. coli. The parental plasmid, pB1 ( Fig. 1 c) consists of an HS¥-1 DNA fragment encoding the C-terminal 317 amino acids of the wild-type (wt) UL9 protein inserted into a vector derived from pRIT2T (Nilsson et al., 1985; Weir et al., 1989) . The UL9 sequences are expressed as the C-terminal portion of a fusion protein that contains sequences from the S. aureus Protein A molecule at its N terminus. Expression is driven by the bacteriophage 2 Pr~ promoter. Although we previously induced expression of the fusion protein by raising the temperature of an E. eoli host specifying a temperature-sensitive repressor, we subsequently found it more convenient to allow constitutive expression in E. coli strain DH5 (Hanahan, 1985) . This strain was used throughout the experiments described here.
Construction of C-terminal deletion mutants.
Plasmid pB1 was linearized with SalI and digested with nuclease Bal 31 using the manufacturer's recommended conditions (Life Technologies). The digested DNA was dephosphorylated and ligated to phosphorylated 14 bp Xbal linkers containing termination codons in all three frames (CTAGTCTAGACTAG). The products were cleaved with XbaI, recircularized and used to transform E. coli DH5 cells to ampicillin resistance. Plasmid DNA from selected colonies was analysed, and the extent of deletion was determined by restriction enzyme digestion and DNA sequencing. The plasmids used in these studies are described in Table 1 (pDn series, where n indicates the number of amino acids in UL9 that were deleted).
Construction of insertion mutants. Plasmid pB 1 was partially digested with the enzymes MvnI or HaeIII and linear molecules were purified from an agarose gel. Twelve bp EcoRI linkers were inserted at the site of linearization as described above and the structures of selected insertion mutants were confirmed by DNA sequencing. The linkers inserted at MvnI and HaeIII sites had the sequences CCGGAATTCCGG and CCCGAATTCGGG, respectively. The resulting alterations are described in Table 1 (pin series, where n represents the amino acid position within the UL9 polypeptide corresponding to the site of insertion).
Preparation of extracts. Extracts were prepared essentially as described by Weir et al. (1989) . Bacteria were shaken in 100 ml L-broth containing 50 gg/ml ampicillin at 37 °C until an Anz 0 of 0.5 was reached. The cells from 50 ml of the culture were centrifuged and the pellets were washed three times with 10 mM-Tris-HC1 pH 7.5, 1 mM-EDTA, then were resuspended in 400 gl extraction buffer (20 mM-HEPES-NaOH pH 7.9, 0"6 M-KC1, 25% glycerol, 1.5 mM-MgClz, 0.2 mM-EDTA, 1 mM-DTT, 0.5 mM-PMSF) and extensively sonicated. Supernatants obtained following centrifugation at 11600 g for 15 rain were used as extracts. Protein concentrations were determined using Bio-Rad protein assay dye reagent.
Gel retardation analysis. The oligonucleotides containing the sequences of binding sites I and II are shown in Fig. 1 b and have been described previously (Weir et al., 1989) . Ten gg of protein extract in 6 gl extraction buffer was added to an 18 ~tl mixture containing 80 mMHEPE~NaOH pH 7.5, 2 mM-DTT, 4 mM-EDTA, 2/~g sonicated calf thymus DNA and 1 ng 32p-labelled oligonucleotide. After 20 min at the indicated temperature, 5 ~tl loading buffer was added and the samples were analysed on 5 % non-denaturing polyacrylamide gels (Weir et al., 1989) .
Western blot analysis. Samples of extract containing 1 ~tg protein were fractionated by SDS-PAGE through 9% gels and electrophoretically transferred to nitrocellulose sheets (Towbin et aL, 1979) using Bio-Rad mini-gel kits as recommended by the manufacturer. After electroblotting, the membranes were incubated for 16 h at 37 °C in TBST (10 mM-Tris-HC1 pH 8.0, 150 mM-NaC1, 0.05 % Tween 20) containing 3 % (w/v) gelatin and then incubated with 10 ml TBST containing 1 ~tl alkaline phosphatase-conjugated goat anti-rabbit IgG antibody (Promega) for 30 min at room temperature. Membranes were washed three times with TBST and the antibody remaining bound (via its Fc region) to the Protein A component of fusion proteins was detected using Promega colour development solution. cells (lane 1) or cells t r a n s f o r m e d with the vector p R I T 2 T (data not shown). R e t a r d e d complexes were also obtained with extracts from cells h a r b o u r i n g plasmids pD16, pD27, p D 3 2 and p D 3 4 but not pD50 or pD62 (lanes 3 to 8) .
To determine whether a p B l -r e l a t e d p r o d u c t was present in the extracts from cells containing plasmids pD50 and pD62 a Western blot was p r o b e d directly with an I g G -a l k a l i n e p h o s p h a t a s e conjugate. This a n t i b o d y detects the Protein A -U L 9 fusion p r o d u c t by virtue o f its interaction with the Protein A moiety. F u s i o n protein was present in all the extracts from t r a n s f o r m e d D H 5 cells, and a gradual increase in electrophoretic mobility was a p p a r e n t in the samples which correlated with the increasing extent o f deletion (Fig. 2 b) .
These results d e m o n s t r a t e that 34 amino acids can be removed from the C terminus o f the UL9 protein without 
Results

Mutagenesis o f plasmid pB1
In order to characterize further the sequence-specific D N A -b i n d i n g d o m a i n of the U L 9 protein, m u t a t i o n s were introduced into plasmid pB1 which encodes a fusion protein consisting o f amino acids 53 5 to 851 o f UL9 linked to sequences from S. aureus Protein A (Weir et al., 1989) . A series of pB1 m u t a n t s coding for Protein A -U L 9 fusions with deletions at their C termini or insertions o f four amino acids within the U L 9 p o r t i o n were generated as described in Methods. The m u t a t i o n s within these plasmids and the alterations to the encoded p r o d u c t s are d o c u m e n t e d in Table 1 .
Analysis of pB1 deletion mutants
Extracts were p r e p a r e d from u n t r a n s f o r m e d E. coli D H 5 cells and from t r a n s f o r m a n t s carrying the wt ptasmid pB1 or plasmids pD16, pD27, pD32, pD34, p D 5 0 and pD62 which express C-terminally truncated forms o f the Protein A -U L 9 fusion. The ability to bind to a z2p_ labelled p r o b e containing ori s binding site I was examined in gel r e t a r d a t i o n assays. The results are shown in Fig. 2(a) . As shown previously (Weir et al., 1989) , the extract from cells containing pB1 forms a retarded complex (lane 2) which is absent from u n t r a n s f o r m e d impairing its ability to interact with binding site I. Since the product specified by plasmid pD50 is non-functional, residues essential for the interaction must lie between amino acids 801 and 818 of UL9.
Analysis of pB1 insertion mutants
The products specified by the 10 pB1 insertion mutants described in Table 1 were similarly tested for their ability to interact with the binding site I D N A sequence. The results of binding assays performed at 22 °C are shown in Fig. 3 (a) and of Western blot analysis of the extracts in Fig. 3(d) . Although each of the extracts from cells transformed with a mutant plasmid contained a fusion protein which exhibited an electrophoretic mobility very similar to that of the pB 1 product, only the pi691, pi708, pi719 and pi838 products were unaffected in their binding ability (Fig. 3a, lanes 8, 9, 10, 12 ). The products of pi799 and pi630 showed slightly and more severely impaired binding (lanes 11 and 5, respectively) and no binding was detected with the pi581, pi591, pi652 and pi668 proteins (lanes 3, 4, 6, 7). When similar assays were performed at 37 °C the ability of the pi630 protein to form a complex was almost abolished but the relative binding activities of the other proteins were not affected (Fig. 3b) .
The ability of the mutant proteins to interact with ori s binding site II at 22 °C was also tested (Fig. 3c) . Comparison of Fig. 3 (a) and (c) reveals that the mutant proteins showed similar behaviour towards the two probe fragments with the exception that the pi630 and pi799 products formed much lower amounts of retarded complex with binding site I! than site I.
These results, which are summarized in Fig. 4 , indicate that four amino acids can be inserted at four separate sites within the DNA-binding domain without affecting the interaction with the UL9 recognition sequence. However, insertions at four other sites abolished detectable interaction and at two further positions generated products that exhibited reduced binding, particularly to the lower affinity site II sequence.
To exclude the possibility that aggregation of mutant fusion protein molecules might account for the observed alterations in binding behaviour, bacterial extracts were also centrifuged at 100000g for 30 min in a Beckman TLA 100.2 rotor, and the presence of a pBl-related product in the soluble supernatant fraction was examined by Western blotting. All the proteins that either failed to bind to the UL9 recognition sequence (including the pD50 and pD62 products) or exhibited reduced binding were recovered in the supernatant (data not shown). The altered phenotypes of these mutant proteins are therefore (Deb & Deb, 1991) , and 6i and 7i (Martinez et al., 1992) are indicated by the open arrows f, h, j, g and i, respectively. The shaded regions, (a) and (b), contain the pseudo-leucine zipper and helix-turn-helix motifs proposed by Deb & Deb (1991) . The N-and C-terminal boundaries of the DNA-binding domain identified by Deb & Deb (1991) lie within the bold and underlined regions (c) or (d) (the intervening amino acids are non-essential) and (e), respectively.
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unlikely to result from non-specific aggregation of molecules but rather from specific structural changes.
Discussion
The presence of DNA sequence motifs identical to that recognized by the HSV-1 UL9 protein either adjacent to, or within, A + T-rich palindromes is a feature shared by known or presumed replication origins of other members of the alphaherpesvirus subfamily (Stow & Davison, 1986; Baumann et al., 1989; Nicolson et al., 1990; Robertson et al., 1991 ; Klupp et al., 1992) . In the case of varicella-zoster virus (VZV) and equine herpesvirus 1 (EHV-1), DNA sequence determination has revealed the presence of UL9 gene homologues (genes 51 and 53, respectively; Davison & Scott, 1986; McGeoch et al., 1988; Telford et al., 1992) . Furthermore, it has been demonstrated that the C-terminal portion of the VZV counterpart binds specifically to the conserved UL9 recognition sequence . When the amino acid sequences of the three origin-binding proteins were aligned it was noted that 86 of the 317 residues within the UL9 DNA-binding domain were conserved in both the VZV and EHV-1 homologues. The positions of these residues are indicated on the amino acid sequence of the UL9 DNA-binding domain shown in Fig. 4 , which also summarizes the results of our mutagenesis experiments and data from two other laboratories (Deb & Deb, 1991; Martinez et al., 1992) . In general the results of the different studies are in very good agreement. The work of Deb & Deb (1991) had previously shown that the N-terminal boundary of the domain was most probably located between residues 565 and 596 (although the presence of essential amino acids between positions 535 and 541 was not excluded). The presence of inactivating mutations within the boundary region (I581 and I591) supports this conclusion. Deb & Deb (1991) previously referred to the sequence spanning amino acids 570 to 591 as a pseudo-leucine zipper (LMRNLNS_LMGRTRFIYLALLEA, in which the underlined residues form the proposed heptad repeat). Although this region is clearly important for sequencespecific DNA binding, two observations suggest that it is unlikely to act as a conventional leucine zipper. Firstly, the heptad repeat residues are not well conserved in the aligned VZV and EHV-1 sequences (V_FKALACPIEQPRLVNTAILGA and LLVELNSPI-VREQFVNVAVLGA, respectively), and secondly, amino acids involved in UL9 dimerization are located outside the DNA-binding domain (Elias et al., 1992) . Sequence-specific binding of the UL9 C-terminal DNA-binding domain does not therefore appear to be associated with a single discrete stretch of amino acids. Rather, residues toward either end, separated by at least 200 amino acids, appear to contribute towards this capacity. It is not known whether the inactivating mutations affect parts of the protein that interact directly with the DNA target or whether they operate indirectly through changes in protein conformation. Since the UL9 protein and its VZV and EHV-1 homologues recognize identical sequences, it might be expected that the most conserved parts of the DNA-binding domain would participate in sequence recognition. Unfortunately, mutations within two particularly well conserved segments (amino acids 746 to 762 and 777 to 790) have not yet been examined. It is nevertheless interesting to note that a mutant, I799, with an insertion close to one of these regions appears to be more greatly impaired in its binding to site II than to site I. More detailed understanding of sequence-specific recognition by UL9 will hopefully follow from studies involving targeted alteration of single amino acids, chemical cross-linking and ultimately X-ray crystallography.
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